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Abstract 
Despite the proven properties of the anatase phase of TiO2 related to photocatalysis, detailed mechanistic information regarding a photo-oxidation 
reaction has not yet been derived from single crystal studies. In this work, we have studied the photo-oxidation of ethanol (as a prototype hole 
scavenger organic molecule) adsorbed on an anatase TiO2 (101) surface by STM and on-line mass spectrometry to determine the adsorbate species 
in the dark and UV illumination in the presence of O2 and to extract kinetic reaction parameters under photo-excitation. The reaction rate for the 
photo-oxidation of ethanol to acetaldehyde is found to depend on the O2 partial pressure and surface coverage, where the order of the reaction with 
respect to O2 is close to 0.15. Carbon-carbon bond dissociation leading to CH3 radicals in the gas phase was found to be a minor pathway, which 
is contrary to the case of rutile TiO2 (110) single crystal. Our STM images distinguished two types of surface adsorbates upon ethanol exposure 
that can be attributed to its molecular and dissociative modes. A mixed adsorption is also supported by our DFT calculations in which we determine 
similar Energies of adsorption (Eads) for molecular (1.11 eV) and dissociative modes (0.93 eV). Upon UV exposure at (and above) 3×10−8 mbar 
O2, a third species is identified on the surface as a reaction product, which can be tentatively attributed to acetate/formate species on the basis of 
C1s XPS results. The kinetics of the initial oxidation steps are evaluated using the STM and mass spectrometry data.  
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1.  Introduction 
In spite of the importance of oxide semiconductors in photocatalysis, fundamental studies of well-defined oxide surfaces have not yet received the 
required attention to construct reliable mechanistic pathways. Among all metal oxides surfaces, TiO2 is the most understood at the atomic level1,2,3. 
TiO2 exists in many stable phases, with the most relevant for photocatalysis being the anatase phase4,5,10,6. However, most photoreaction studies 
on well-defined single crystal surfaces have been conducted on the rutile phase7,8,9, with very little work on anatase. Alcohol chemistry on 
metal7,10,11 and oxide12,13,14,15 surfaces provides a wealth of fundamental information needed to understand catalytic reactions in particular when 
conducted on model surfaces. Ethanol adsorption and its associated photochemical activity have been studied on powder polycrystalline TiO2 
samples for decades10,16,17,18,19, although there are no existing experimental studies of ethanol on the TiO2 anatase (101) surface (the most 
thermodynamically stable surface). There have been several studies involving other molecules. For instance, methanol adsorption has been studied 
by TPD20,21, where molecular adsorption/desorption was evidenced. The photo-oxidation of methanol was studied using 266 nm light at 100 K 
with TPD and TOF mass spectrometry. Infra-red (IR) spectroscopy was also used to determine the cross-section for the photo-oxidation of CO to 
CO2 by one of the present authors in the presence of O2 at 100 K, and this was found to be substantially greater than for rutile TiO2 (110)22. A 
recent study of acetaldehyde photoreaction at 100 K demonstrated the cross-coupled formation of 2-butanone23. Finally, a recent DFT study of 
ethanol24 on TiO2(101) predicts that molecular adsorption is favored over dissociation. 
 
Reactions of oxygenates on photo-excited TiO2 are thought to proceed through a hole scavenging mechanism25. Upon UV excitation, electrons are 
transferred from the valence band (VB) to the conduction band (CB) of the semiconductor. In single crystal studies of ethanol photo-oxidation, it 
has been demonstrated that background O2 is required. The mechanism inferred involves excited electrons in the conduction band being transferred 
to O2 forming O2.− (oxygen anion radical), which decreases the electron-hole recombination rate26. Under UHV conditions, the first step in the 
photo-oxidation of ethoxides to acetaldehyde on rutile TiO2 (110) surfaces involves hydrogen atom removal from the α-carbon group. The amount 
of acetaldehyde detected in the gas phase was found to increase with an increasing dose of O2. Some of the acetaldehyde undergoes a further 
oxidation step and is ultimately converted, via carboxylate species, to CO227,28. The formation of formate/acetate intermediates on the surface was 
revealed by XPS, where the presence of a –COOH feature in the C 1s spectrum is observed after UV light exposure in the presence of O229. This 
is similar to powder results where the photo-oxidation of primary and secondary alcohols as well as ketones leads to the formation of carboxylate 
species as studied by in situ IR spectroscopy16,19,30,31,32,33. 
 
In this study, we have investigated the photo-catalytic decomposition of ethanol on an anatase TiO2 (101) single crystal in order to probe its 
reactivity and obtain accurate kinetic parameters (photo-reaction cross section, reaction order and rate constants) in a controlled environment. We 
use STM and mass spectrometry to determine the reaction rates with complementary XPS measurements and DFT calculations. 
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2. Experimental and Computational Details 
The mass spectrometry and STM measurements were performed in a UHV system operating at a base pressure of 1×10−10 mbar. The setup is 
equipped with an Aahrus 15 HT variable temperature STM by SPECS and a HALO 301 residual gas analyzer (RGA) by Hiden Analytical. All 
STM measurements were carried out at room temperature. The system is also equipped with a sputter gun and separate oxygen, argon, and ethanol 
gas lines that are fitted with precision UHV leak valves. For TPD measurements, the RGA was mounted inside a Pyrex shroud with a 5 mm 
aperture to enhance detection from the surface. During the mass spectrometry measurements (with or without UV illumination), the sample was 
positioned ≤1 mm away from the aperture. A 300 W MAX-303 Asahi Spectra Xe lamp was used as a source of the UV light. The UV light produced 
by the Xe lamp was delivered to the sample using fiber optics and a focusing lens assembly. An illumination power close to 5 mW/cm2 was 
measured for the wavelengths ranging from 310 to 400 nm. 
 
XPS was performed in a separate UHV system with a base pressure of 2×10−9 mbar equipped with SPECS XR50 dual anode X-ray source (Mg 
Kα was utilized) and Scienta R3000 hemispherical electrostatic energy analyzer. Also, the system has a sputter gun and separate oxygen, argon 
and ethanol gas lines fitted with precision UHV leak valves. A transparent standard UHV port window was positioned for UV illumination. 
 
The anatase TiO2(101) single crystal (3×3×1 mm3) was purchased from Pi-Kem, mounted onto a Ta sample plate using Ta foil. The standard 
procedure for preparing the anatase surface was to perform cycles of Ar+ sputtering (1×10−5 mbar, 1 kV, 20 minutes, 6 μA of drain current) and 
annealing at 700°C for 15 minutes with the temperature of the sample being monitored using Sirius pyrometer by Process Sensors and a calibrated 
K-type thermocouple. 
 
The cleanliness of the sample surface was checked using STM. The clean anatase TiO2 (101) surface displays a stepped sawtooth like surface of 
unit cell dimensions 10.24×3.78 Å2 and a step height of 3.8 Å. The unit cell dimensions were used to calibrate the STM in-plane dimensions, while 
the step height was employed for out-of-plane calibration. In this study, a monolayer (ML) is defined with respect to the number of Ti5c-O2c pairs 
on an ideal planar anatase TiO2 (101) surface i.e. 5.17 ×1014 pairs of atoms per cm2. A glass vial containing ethanol was connected to the UHV 
chamber via a high-precision leak valve located 10 cm away from the sample in the dosing configuration. The ethanol (99.85 % purchased from 
VWR) line was cleaned using standard freeze-pump-thaw cycles. The dose of ethanol exposure is given in Langmuir (L). Oxygen (99.9%) was 
introduced into the chamber using a high-precision leak valve. The anatase surface was exposed to O2 for ~3 minutes at the designated pressure 
prior to opening the UV light shutter. In the photoreactions conducted in the STM chamber, the time frame upon dosing and starting the 
measurements is two minutes and each run was conducted for two minutes while monitoring the gas phase molecules (m/e 44 (CO2, CH3CHO), 
31 (CH2OH+), 29 (CHO+), and 15 (CH3+)) by the mass spectrometer. 
 
Density Functional Theory (DFT) has been employed using the Quantum Espresso code34. Calculations are performed using a generalized gradient 
approximation (GGA) for ionic cores description along with Perdew-Burke-Ernzerhof (PBE) exchange correlation and GBRV ultrasoft 
pseudopotentials35. All atomic orbitals are considered filled and part of the core potential except for the titanium 3s, 3p, 3d, 4s; oxygen and carbon 
2s, 2p; and the hydrogen 1s. For energy minimization, the specified total energy and total forces convergence thresholds are 1×10−6 Ry and 1×10−4 
Ry/Bohr, respectively. The used total kinetic energy cutoffs for wavefunction and density are 50 and 200 Ry, respectively. A (3×3×1) Monkhorst-
Pack k-point grid is used for all the computations. To obtain smooth results, Gaussian smearing with 0.02 Ry (0.27 eV) spreading for Brillouin 
zone integration across the Fermi level is used. The employed convergence threshold for self-consistency is 1×10−6. A 2×2 five layer slab of 
anatase TiO2 (101) has been built from optimized parameters of the bulk TiO2 anatase unit cell. The optimized unit cell parameters are a = 3.802 
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Å, c = 9.697 Å, and u = 0.2066, yielding a cohesive energy of 24.5 eV at a volume of 35.1 Å3. The computed bulk modulus (B0) is 185.2 GPa and 
its derivative (B0’) is 4.47 GPa; calculated using the Murnaghan equation of state36. The vacuum distance on top of the slab is set to 15 Å. In this 
study, the bottom layer is fixed to simulate bulk properties, and the top four layers were allowed to relax. Isolated gas-phase molecules were 
simulated in 15×15×15 Å periodic cell. The adsorption energy (Eads) is defined by the equation shown below. 
Eads = Eads+TiO2 –[EbareTiO2 + EEtOH] 
Where Eads+TiO2 is the energy of the adsorbed molecule on TiO2, EEtOH is the energy of isolated ethanol molecule and EbareTiO2 is the energy of the 
clean surface. In this study, the adsorbate coverage is set to 25%. Dispersion interaction forces have been included through the use of the DFT-D2 
method by Grimme to study the effects of weak interactions such as London forces in the adsorbate-semiconductor system37. 
 
3. Results and discussion 
3.1 Scanning Tunneling Microscopy (STM) of CH3CH2OH - TiO2(101) anatase single crystal 
The surface morphology of a clean freshly prepared anatase (101) crystal, studied by STM, showed wide terraces of 30 nm in size (Figure 1A) 
with straight step edges oriented along the [010], [1ത11], and [111ത] principal directions forming triangular terraces from which the [101ത]  
orientation can be identified (i.e. directed towards the base38). The atomically resolved STM image of the pristine surface shown (Figure 1B) 
allows the identification of the “non-primitive centered” surface unit cell of 10.24×3.78 Å2 (indicated by black rectangle) and 1×1 periodicity. The 
bright round features observed at the surface are attributed to contaminants. These are at ca. 1% of surface coverage and attributed to adventitious 
carbon, and consistent with C 1s XPS data that also indicated the presence of carbon in trace amounts. The dark features indicated by a blue 
rectangle are associated with more reduced TiO2−x anatase surfaces; sub-surface oxygen-vacancies that resulted from vacuum annealing26,39 (as 
demonstrated in previous STM studies performed on anatase TiO2 (101) single crystal surfaces). 
 
Figure 1. 
STM of a clean TiO2 anatase single crystal. (A) A large scale image of a clean and prepared anatase TiO2 (101) (at 2700×2700 Å2 resolution, 1.65 
V, and 0.15 nA). (B) A high resolution image (at 100×100 Å2, 1.65 V, and 0.2 nA). The blue box identifies a depression centred on Ti5c-O2c in the 
empty state image, most likely due to a sub-surface Ovac. The black box identifies the surface unit cell, 10.24×3.78 Å2.  
 
The surface shown in Figure 1 was exposed to 18 L of ethanol at 300 K (Figure 2A). Round bright features representing a coverage of 8.5% ML 
of ethanol were observed on the surface as both clusters and isolated features. A mean sticking coefficient, S, of 0.03 was determined for an ethanol 
exposure of 3 L and this value decreased to 0.007 after a 50 L exposure indicating a relatively weak surface-adsorbate interaction. For comparison, 
using similar dosing conditions, Grinter et al.40 determined a mean sticking coefficient of ~1 for a low coverage (0.1 L, 1 Langmuir = 1.33 x 10-6 
mbar s) of acetic acid adsorbed at room temperature. The difference between the sticking coefficients of acetic acid and ethanol is related to the 
strong adsorption energy of the former when compared to the latter.  
 
Two distinct tunneling modes were observed, with ethanol appearing as bright features of ~6 Å diameter spread over the Ti5c–O2c positions (Figure 
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2A) or as bright-dark-bright features spanning three Ti5c–O2c pairs (see Figure 2A inset where a defect is circled as well as zoom of inset). These 
were found to be equivalent in location by monitoring STM contrast changes. This behavior has been reported on anatase (101) for water where it 
is attributed to the change in the metallic character of the tip, where coordination of H2O results in a redistribution and change in energy of the 
LDOS at the Ti-O stite, and observed as a depression in the empty state image.41,42 A higher density of ethanol molecules is observed at the bottom 
of step edges as opposed to upper step edge, as a result of ethanol diffusion at RT. This is in contrast to the stronger binding of acetic acid, which 
shows no preference for terrace or step edges40. Scanning Tunneling Spectroscopy (STS) measurements by Diebold and co-workers indicated that 
excess electrons can be trapped at the upper and lower step edges leading to a preference there for O2 adsorption43. 
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Figure 2. 
STM images of anatase TiO2 (101) after exposure to 18 L of ethanol at 300 K. (A) 350×350 Å2 resolution, 2 V, 0.420 nA, with 0.085 ML 
EtOH/EtO– coverage. The blue square represents a feature associated with Ovac. The black oval shows an example of ethanol clustering at the step 
edges. Upper inset: (70×70 Å2) ethanol on anatase TiO2 (101) in ‘depression’ contrast where the black circle indicates EtOH/EtO–; a zoom of this 
feature is shown. Lower inset: the principal azimuths of anatase TiO2 (101). (B) A zoom of (A); a (70×70 Å) image where the blue and green 
circles represent 1.7 Å and 1.2 Å protrusions, respectively. Blue line: line of the STM profile shown in (C). White dashed lines: arrangements of 
protrusions in the [1ത11] and [111ത] directions. (C) Line profile from (B) where ~1.2 Å and ~1.8 Å (1.7 in fig) height species can be identified. (D) 
Histogram of the measured heights of 495 particles from the 350×350 Å image in (A) with a bin width of 0.1 Å. (E) A model of the (101) surface 
with EtOH/EtO- molecules coordinated to the Ti5c. 
 
Short chains of the adsorbed ethanol molecules with separation of ~5.5 Å are observed with preferential orientations along the [11ത1] and [111ത] 
directions. This suggests co-ordination of ethanol in adjacent sites along the [010] direction, with the C–C moiety oriented perpendicular to the 
titanium rows. Similar arrangements of acetic acid and water on anatase TiO2 (101) have been demonstrated by STM44,40. A simple steric 
requirement can explain the arrangement: the short side of the surface unit cell is ~3.7 Å would prevent adsorption on two neighboring Ti cations. 
This is shown in the covalent radii ball and stick model of the (101) surface in Fig. 2E, where ethanol molecules are coordinated to Ti5c , forming 
a chain in the [111ത] direction. In the model two molecules are shown positioned on nearest Ti5c neighbors. 
 
Ethanol imaged at positive sample bias on the surface at 300 K revealed two apparent heights as shown in Figures 2C,D. These can be attributed 
to the two adsorption modes: molecular and dissociated. A previous DFT study of ethanol adsorbed on anatase TiO2 (101) indicated a preference 
for molecular adsorption with co-ordination of the ethanol to the Ti5c24.  The different heights could also be due to ethanol and water being co-
adsorbed together, but this is discounted by the lack of a water signal in the mass spectrometry data (although there is no guarantee that the water 
would be desorbed by UV). The STM heights of the adsorbates in the image of Figure 2A were measured (total area of 135,000 Å2). The histogram 
in Figure 2D with a bin width of 0.1 Å allows the determination of a major peak of 1.8 Å (92%), and two minor ones of 1.2 Å (5%) and 2.4 Å 
(3%). Hansen et al.45 reported a difference in STM height of 0.5 Å between two species attributed to EtOH (2.6 Å) and EtO– (2.0 Å) bound to Ti5c 
on rutile TiO2 (110). On this basis the majority species on anatase TiO2 (101) is assigned to EtO- (1.7 Å), with EtOH at 2.4 Å (the minor contribution 
to the 1.2 Å could not be assigned). A DFT study by Zhang et al.24 indicated a similar adsorption energy for molecular and dissociative adsorption 
of ethanol to Ti5c on the perfect surface, with an activation barrier of 0.95 eV. In addition, the dark features that are associated with sub-surface 
oxygen vacancies are apparently unreactive with ethanol (Figure 1A, blue box). 
 
3.2 Density Functional Theory of ethanol and acetaldehyde on TiO2(101) anatase surface. 
DFT calculations were performed to provide a theoretical understanding of ethanol adsorbed on anatase (101). A coverage of 0.25 ML was used, 
which is close to the upper saturation coverage observed in STM. A similar methodology to Zhang et al.24 has been employed, using a GGA and 
PBE approach. In addition, we have modeled weak interactions such as London dispersion forces using the DFT-D2 method by Grimme et al.37 
We have limited our calculations to co-ordination of ethanol to the Ti5c site, and scission of the O-H bond in ethanol. Figure 3 depicts ball and 
stick models of the anatase TiO2 (101) surface with the relaxed atomic positions, of the adsorbed ethanol and acetaldehyde (as a reaction product 
that is discussed in the following sections). The atomic positions of the clean perfect surface were obtained, and they compare favorably to previous 
theoretical DFT work46,47. DFT results indicate that the adsorption  energies (Eads) are very close for dissociated and molecular adsorption; 1.11 
eV for molecular ethanol on the Ti5c (Figure 3A) and 0.93 eV for dissociated ethanol on the Ti5c (Figure 3B). Additionally, acetaldehyde with 
identical coordination to that of molecular ethanol (Figure 3C) is found to be less stable, with an adsorption energy of 0.77 eV. The inclusion of 
the dispersion interaction between the adsorbates and TiO2 lattice lead to greater instability (~0.2 eV) of the dissociated form of ethanol when 
compared to the molecular one. Table 1 presents some selected geometry parameters of the ethanol, ethoxide, and acetaldehyde adsorptions. 
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Among the computed modes, only the dissociated mode of ethanol induces major changes to the TiO2 surface structure by upward displacement 
of the Ti5c (0.42 Å), which in turn increases the Ti5c−O3c by 0.38 Å. Acetaldehyde does not show any structural differences when compared to the 
molecular ethanol other than the 0.23 Å shorter Oads−C1 bond. 
           
Figure 3. 
DFT GGA PBE + D computed parameters for the adsorption of ethanol on a relaxed anatase TiO2 (101) surface. (A) Molecular adsorption of 
ethanol on Ti5c, Eads = 1.11 eV (B) Dissociative adsorption of ethanol on Ti5c and coordination of H to the adjacent O2c, Eads = 0.93 eV. (C) 
Molecular adsorption of acetaldehyde on Ti5c, Eads=0.77 eV. Color designations are as follows, red: oxygen, cyan: titanium, brown: carbon, and 
white: hydrogen. 
 
Table 1. 
Adsorption energies of the bare slab, as well as molecular and dissociated ethanol and acetaldehyde on anatase TiO2 (101) along with selected 
geometry parameters (all distances in Å). Atomic labels are shown in Figure 3. 
Parameter Bare slab EtOH-(a) EtO-(a) MeCHO-(a) 
Adsorption energy, eV -- 1.11 0.93 0.77 
Oads – Ti5c -- 2.22 1.79 2.25 
Oads – C1 -- 1.46 1.42 1.23 
Ti5c displacement in z-dir. w.r.t. relaxed slab +0.08* +0.18  +0.42  +0.13 
Oplane to Cplane (i.e. Ti5c – C1) -- 3.28 3.02 3.21 
Ti5c – O3c  1.78 1.87 2.16 1.84 
Ti6c – O2c 1.85 1.86 2.04 1.85 
O2c – Hads -- -- 0.98 -- 
• Ti displacement here is with respect to unrelaxed slab. Ti5c during relaxation moves downward with respect to surface plane, yet, the 
top three layers slightly reconstruct during geometry optimization by moving upward in the z-direction making the absolute 
movement of Ti5c positive (i.e. upward). 
 
3.3 STM of ethanol photoreaction on TiO2(101) anatase single crystal 
The effect of UV light exposure at 300 K on a 50 L ethanol dosed anatase TiO2 (101) surface was studied by STM, the results are shown in Figure 
4. Exposure to UV light in the absence of O2 showed negligible photoreaction products in the gas phase: H2, CH3CHO, CH3 (radical), in line with 
previous similar studies on rutile TiO2 (110)29,48 and other studies of the reaction of organic molecules on TiO2 (110) and (011) single crystal 
surfaces28,49. The photo-catalytic reactions after UV exposure in presence of molecular oxygen on the ethanol covered surface at different partial 
pressures were studied. In each experiment a freshly prepared surface had an identical exposure to ethanol prior to photo-catalysis. For example, 
at an O2 pressure of 3×10−8 mbar, a depletion of a fraction of the surface could be determined from the coverage of ethanol before and after UV 
irradiation. A reduction in surface coverage from 0.12 ML to 0.08 ML was observed after 13 minutes at an irradiation of approximately 5 mWcm−2. 
Considering that the Ti5c density is 5.2×1014 cm−2 for anatase TiO2 (101), a 0.04 ML decay (depletion rate) in 780 seconds gives a surface depletion 
of ethanol/ethoxide of 2.67×1010 species s−1cm−2. The 5 mWcm−2 irradiation in the range of 320–390 nm corresponds to approximately 9.2×1015 
photons s−1cm−2 which translates into a reaction rate of about 4×10−6 (molecules removed per photon) at an oxygen pressure of 3×10−8 mbar.  
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Figure 4. 
Representative STM images (350×350 Å2) of anatase TiO2 (101) after exposure to 50 L ethanol at 300 K. (A) Before UV illumination (2.1 V, 0.64 
nA) with an ethanol coverage of 0.12 ML. (B) After UV illumination in 3 x 10-8 mbar O2, (2.1 V, 0.29 nA) with an ethanol coverage of 0.08 ML 
(13 minutes of irradiation at 5 mWcm−2 (360 nm)). 
 
3.4 Photo-reaction cross section measurements by STM.  Comparison with other compounds and surfaces. 
Previous work by others has shown in similar kinetics.  For example, White and Henderson found that photolysis of trimethylacetic acid (TMMA) 
on rutile TiO2 (110) gave a yield of 1.5×10−5 (molecules depleted per photon) for the first 10 s of the reaction based on mass spectrometric data50. 
It is important to note that this type of evaluation is based on results from a single crystal, which has the smallest possible surface to bulk ratio; i.e. 
one layer of adsorbate in the unit area exposed to light. In real catalytic conditions, particles of nanometer size stacked on top of each are expected 
to react with the same number of photons.  In other words, assuming a homogenous particle size distribution of 10 nm for TiO2 and a compact 
stacking perpendicular to the incident light, 100 layers or particles per 1 m depth (above this distance light will be strongly attenuated) would 
expose over 200 times the area (Figure 4). 
A decay mechanism, C(t)=Co exp(−kt), for the reaction can be proposed, where C(t) is the number of ethanol molecules on the surface at time t and 
Co that at t = 0. The rate constant, k in s−1 of the decay, can be extracted from STM data: Ln(Co/C(t))/t = k  or  Ln(0.12/0.08)/780s = 0.0012 s−1. 
Since k = F×A where F is the photon flux and A the cross sectional area, a photon flux F of 9.2×1015 photons s−1cm−2 gives a cross-section of 
1.2×10−19 cm2.  Cross-sectional areas for other reactions on TiO2 rutile single crystal were calculated before by us and others using on line mass 
spectrometers, RAIRS, or XPS C 1s signals. Table 2 shows some of the numbers extracted in similar sets of experiments for comparison. 
Table 2. 
Photooxidation of various oxygenates over the surfaces of oxide single crystals at the given O2 pressures (PO2). The cross section A is defined as 
k/F where k is the rate constant in s−1 and F is the light flux in (number of photons)/(cm2.s) 
Molecule Surface Cross section (cm2) PO2 (torr) Comments 
O2 TiO2 (110) - rutile 1.5×10−15  -  8×10−17   PSD Reference 51 
CO TiO2 (110) - rutile 3×10−18 5×10−6 Reference 52 
Ethanol TiO2 (110) - rutile 2×10−18 1×10−6 Reference Error! 
Bookmark not defined. 
Acetaldehyde TiO2 (011) - rutile 10−17  -  10−19   Pre-dosed Reference Error! 
Bookmark not defined. 
Glycine ZnO (0001ത) - O 1.5-2.5×10−18 5×10−6 Reference 53 
TMAA TiO2 (110) - rutile ca. 10−18 - Reference 5  
Acetic acid TiO2 (011) - rutile 9×10−22 1×10−6 Reference 49 
Acetone TiO2 (011) - rutile 10−18  -  3×10−21   5×10−7 Reference 54 
Ethanol TiO2 (101) - anatase 1 ×10−19 4×10−8 This work 
PSD: Photo-stimulated desorption; TMAA: tri-methyl-acetic acid. 
In another experiment, shown in (Figure 5A,B), the STM image of an ethanol dosed surface after UV exposure at ~7 mW/cm2 for 3600 s in the 
presence of 3×10−8 mbar oxygen indicated the existence of large protrusions in the ‘depression’ mode in addition to ethanol/ethoxides. Such 
protrusions were not observed prior to UV exposure. These features of 0.01-0.02 ML are arranged in a (1×2) formation along the [010] direction, 
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where a row of three are displayed in Figure 5B (the zoom of Figure 5A) with the line profiles in Figure 5C indicating a  seperation of 10 Å. 
This is potentially attributed to bidentate binding species, such as acetate.40 
 
 
Figure 5. 
(A) Filtered and polynomial flattened STM image (180×180 Å2, 2.1 V, 0.25 nA) of anatase TiO2 (101) after exposure to 50 L ethanol at 300 K 
and UV illumination in 3 x 10-8 mbar O2. Green arrows outside the cyan box indicate small fractions of different spacing. (B) (50×50 Å2) a zoom 
of image A identified by the cyan box, which contains features in a (1x2) arrangement. (C) A height-profile of the line shown in (B). 
 
3.5 XPS C1s of ethanol on TiO2(101) anatase before and after photoreaciton. 
To further study the origin of this species, we utilized XPS. The cleanliness of the freshly prepared anatase TiO2 surface was checked and did not 
show any significant contaminants. A saturation coverage of ethanol was dosed onto the surface and followed by UV exposure under 1 x 10-5 mbar 
O2. In order to monitor the reaction products on the surface, C 1s core level spectra were collected before and after the excitation with UV light. 
The spectrum of the clean surface contained a contribution from tantalum carbide at 282 eV that could not be removed by many sputtering cycles 
and that was subtracted from both spectra, before and after the UV excitation, and is presented in Figure 6. The XPS spectrum before the reaction 
(Figure 6A) has the signature of ethoxides as evidenced by the spectral features at 286.5 and 285 eV due to –CH2O(a) and –CH3 groups, 
respectively. The spectral features and ratios are in accord with XPS data reported for rutile TiO2 (110)29. After UV exposure for 360 s, one can 
notice a decrease of the C 1s peaks attributed to ethoxides (Figure 6B) and the appearance of a peak at 289.5 eV representing about 10% of the 
total carbon species left on the surface. The latter is attributed to RCOO(a) species49,55. However, the decrease of the ethoxides is not mirrored by 
the increase of carboxylates. In other words, a large fraction of adsorbed ethanol/ethoxides is removed from the surface while a small fraction is 
oxidized to carboxylates. This is inline with the reaction of adsorbed ethanol under UV excitation studied by on-line mass spectrometry, which is 
presented below.  
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Figure 6. 
XPS spectra of anatase TiO2 (101) surface after a saturation exposure (ca. 100 L) to ethanol before (A) and after (B) exposure to UV light (light 
flux: 1017 photons cm−2s−1 in the 360-400 nm range) at 1×105 mbar O2.  –CH2O 286.5 eV (red), –CH3 285 eV (black),  –COO 289.5 eV (green).  
In order to study the initial reaction parameters, reaction rate, and reaction products, two sets of experiments were conducted. The first involved a 
saturation exposure of the anatase TiO2(101) single crystal surface to ethanol at 300 K, followed by UV exposure at ~5 mW/cm2 in the presence 
of molecular oxygen at different partial pressures. In the second experiment an O2 partial pressure of 1×10−7 mbar was maintained while changing 
the surface coverage of ethanol. For each experimental run, the surface was cleaned by repeated Ar+ sputtering and annealing to 1000 K, then 
surface cleanliness was checked with STM prior to each run.  
Three sets of control experiments were conducted in order to rule out any contribution to the mass spectrometer signal from the background. The 
desorption products of ethanol were collected (by monitoring m/e 44, 31, 29, and 15) from the back of the Ta sample holder pre-dosed with 
saturating coverage of ethanol (1), from the surface of the clean anatase TiO2 (101) crystal at 1×10−7 mbar of O2 (2), and from the anatase surface 
in UHV, pre-dosed with ethanol (3). In all three cases, desorption products were negligible in quantity when compared to the signal detected from 
anatase TiO2 (101) under surface reaction conditions. The main reaction products seen at 300 K are acetaldehyde and CO2. This is based on their 
fragmentation patterns of (m/e 44, 31, 29, and 15) and (m/e 44) respectively, and thus were monitored exclusively.  Previous results on rutile 
TiO2(110) related to photo-oxidation of acetaldehyde indicated the formation of CH3 radicals1.  We have checked this route on the anatase surface 
of this work and found negligible contribution.  In a parallel work we have conducted the same set of experiments on rutile TiO2(110) and indeed 
found the desorption of CH3 radicals that was sensitive to oxygen partial pressure.56 The CH3 radical (m/e 15) was determined after removal of the 
contribution from acetaldehyde (~39 %). 
The desorption of photochemically produced acetaldehyde in the gas phase is seen to correlate strongly with the presence of oxygen in the UHV 
chamber and initial coverage (θ) of ethnaol on the surface.  Because aldehydes are more weakly adsorbed than alcohols on metal oxides in general 
and TiO2 in particular23,28 (see Table 1; Eads, acetaldehyde = 0.77 vs. Eads, EtOH = 1.11 eV), the former will desorb to the gas phase as soon as they are 
formed from an ethanol covered surface. Figure 7A shows production of acetaldehyde (m/e 29) (deducting 10% of (m/e 31) intensity arising from 
ethanol) on the (101) surface of anatase TiO2 as a function of O2 partial pressure (mbar). After the UV shutter was opened (UV on), a sharp rise in 
response of mass m/e 29 was observed; this signal then decayed towards a background elevated from the baseline. After closing the UV shutter 
(UV off), the response decays to a baseline that is determined by the background O2 pressure and chamber pumping speed. The computation of 
peak area was made by fitting a linear background in line with the pressure before and after UV light exposure, then integrating the total area as 
defined by the brown shaded region in Figure 7B. A double exponential fitting was found to best represent the desorption trend of acetaldehyde 
from the surface. 
3.6 Effect of O2 pressure on the photo-oxidation of ethanol on TiO2(101) anatase single crystal. 
The plot of total integrated area against O2 pressure (Figure 7C) displays a logarithmic function, indicating a limiting influence of gas phase O2 
on the reaction rate at ~1×10−7 mbar, at which point the adsorption sites on the anatase TiO2 (101) surface would be saturated. Similar results for 
ethanol photo-reaction using XPS on the rutile TiO2 (110) surface were reported. The finite non-zero intercept at 0 O2 pressure is either suggestive 
of a small production of acetaldehyde in the absence of O2 or simply to the uncertainty of the fit. Shown in the inset of Figure 7C are the areas of 
the fast and slow decay processes (associated with the double exponential fitting). The total area for the fast process remains constant as a large 
fraction of ethanol is depleted within the first 100 second or more. The slow processes contribution however increases with O2 pressure. 
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The total rate of depletion, rate = k [PO2]
a [θEtOH], where k is the average of fast k1 and slow k2 processes was analyzed by plotting the Ln(peak 
area) against the Ln(PO2) at a constant θEtOH (Figure 7D). The reaction order of this photocatalytic reaction with respect to O2 partial pressure was 
found to be equal to 0.15. 
 
Figure 7. 
(A) Acetaldehyde formation upon photo-oxidation of ethanol on TiO2 (101) anatase single crystal at a saturation coverage of ethanol at 300 K, 
and the indicated molecular O2 pressures in mbar.  UV excitation flux = ca. 5mW/cm2. (B) An example of an exponential fit for the 1×10−7 mbar 
O2 run, with fast and slow exponential decays, brown shaded region was used. (C) Computed peak areas from Figure 7(A) as a function of O2 
pressure in mbar. (D) Ln (reaction rate) taken from (A) as a function of Ln(PO2). 
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3.7 Effect of ethanol surface coverage on the photo-oxidation of ethanol on TiO2(101) anatase single crystal. 
Figure 8A shows the production of acetaldehyde on anatase TiO2 (101) where in this case the ethanol exposure was varied in the range of 2.3-23 
L at a constant O2 pressure of 1×10−7 mbar.  Knowing the chamber volume (3.6 L), the number of acetaldehyde molecules desorbed was 
obtained, and converted into a fractional coverage desorption rate: MLs−1cm−2 of ethanol, where 1 MLs−1cm−2 = 5.2×1014 molecules s−1. Figure 
8C shows a graph of the (initial) rate, r (MLs−1cm−2) plotted against initial ethanol coverage, θEtOH, on the surface. The rate can be expressed as:  
r = k θEtOHa [PO2]
0.15 
or 
Ln(r) = Ln(k) + a Ln(θEtOH) + 0.15 Ln(PO2) 
Figure 8D is a Ln(r) against Ln(θEtOH) plot, giving a reaction order, a, of 1. The rate constant for the reaction could then be extracted and was 
found to equal 0.049 s−1 giving a cross section of 4.7×10−19 cm2, which is in line with the value we obtained (1 x 10-19 cm2) from the change in 
surface coverage from STM at PO2 = 4 x 10-8 mbar (table 2).  
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Figure 8. 
(A) Acetaldehyde formation upon photooxidation of ethanol on TiO2 (101) at 1×10−7 mbar O2 pressure, 300 K and ethanol exposure between 2.3 
and 32 L. (B) Ethanol coverage ML plot as a function of exposure in Langmuir. (C) Initial rate of reaction MLEtOH s−1 with respect to initial 
ethanol coverage (ML), with a linear regression fit. UV excitation flux = ca. 5mW/cm2 (D) Ln(rate) vs Ln(θEtOH) plot. 
 
3.8 Proposed reaction mechanism for the photo-oxidation of ethanol to acetaldehyde over TiO2(101) anatase single 
crystal. 
The above results suggest the following reaction scheme. Ethanol is first largely dissociatively adsorbed on Ti-O pairs as ethoxides and surface 
hydroxyls (equation 1) as seen from STM and XPS C 1s results.   
CH3CH2OH(a) + O(s)    →    CH3CH2O(a)  +  OH(a) (Equation 1) 
where (a) stands for adsorbed and (s) for surface. 
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Upon excitation with UV photons, electrons are excited from the VB of TiO2 to its CB (equation 2). From the above experimental results, the 
following reaction steps can be extracted. 
2 Tis−Os  + 2 hν    →    2 e− (CB)  +  2 h+ (VB)          (also written as Ti3+ and O−(l)) (Equation 2) 
where (CB) stands for conduction band and (VB) for valence band. 
In the presence of O2, exited electrons lead to O2− radical formation (equation 3), which in turn give HOO radicals as previously seen by 
numerous work57,58.   
2 e−  + 2 O2(a)   →    2 O2ି (radical) (Equation 3) 
This allows for the first hole trapping by an ethoxide species to give a short-lived oxy-radical species59 (equation 4).   
h+  +  CH3CH2O(a) +  Os   →  CH3C•HO(a)  +  OH(a) (Equation 4) 
An adsorbed molecular ethanol may behave similarly to dissociated ethanol (forming a hydroxy-radical instead of an oxy-radical). Work within 
our group has demonstrated this favorability in DFT studies60 of hydrogen peroxide and ethanol2 with the rutile TiO2 (110) surface. This is in 
line with other results of oxygen containing organic adsorbates on TiO2 surfaces61. 
The formation of the oxy-radical species (equation 4) is followed by a second hole trapping to give acetaldehyde, equation 5.   
h+  +  CH3C•HO(a)  →  CH3CHO(g) (Equation 5) 
The two hydrogen atoms (removed from ethanol (equations 1 and 4)) would ultimately give water to close the cycle, although the initial pathway 
results in the formation of perhydroxyl radicals (equation 6).   
2 O2ି (anion radical) +  2 OH(a)  →   2 HOO (radical) +  2 Os (Equation 6) 
2 HOO (radical)   →   2 OH (radical)  +  O2 (Equation 7) 
The sum of equations 1 to 7 gives CH2CH2OH(a)  +  O2  →  CHCHO(g) +  2 OH (radical). Oxygen containing radicals would react with a small 
fraction of the acetaldehyde before desorption to (ultimately) convert it to formate/acetate species. The dependence of the reaction rate with 
respect to PO2 is found to be approximately 0.15, which indicates that other limiting factors (in addition to reaction stoichiometry as seen in the 
above equations) are involved, in particular the weak equilibrium (binding) constant of O2 on the surface of TiO2 which requires increasing 
pressures for reaction. Oxygen molecules are very weakly adsorbed on TiO2, in the case of rutile TiO2 (110) they completely desorb at about 60 
K62, likewise on anatase TiO2 (101). 
The formation of carboxylate species (as hinted by STM in Figure 5) and identified by C1s XPS (Figure 6) is an evidence of further reactions of 
the oxy-radical species (as previously seen in photo-oxidation of organic compounds28,63). This in turn indicates the participation of oxygen 
radicals in further reaction steps that ultimately leads to the production of CO2 and H2O for a complete catalytic cycle.  
4. Conclusions 
The photo-catalytic reaction of ethanol over the (101) surface of an anatase TiO2 single crystal was studied with STM and on-line mass 
spectrometry in the presence and absence of molecular oxygen. Upon dosing of ethanol at 300 K, two types of species with distinct STM heights 
are observed. These are attributed to two adsorption modes: molecular and dissociated. UV illumination in the presence of oxygen resulted in the 
partial depletion of ethanol from the surface. Furthermore, an appearance of large protrusions in the ‘depression’ mode was imaged. These are 
arranged in a (1×2) structure and oriented along the [010] direction, which strongly suggests that the species are adsorbed in a bi-dentate manner, 
such as carboxylate species. Upon UV excitation in the presence of O2, the main reaction product of ethanol photo-oxidation at 300 K was found 
to be acetaldehyde. The reaction order with respect to O2 at near saturation coverage of ethanol/ethoxide is found to be approximately 0.15. The 
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reaction order with respect to ethanol was found to be equal to 1. The photo-oxidation cross section was 1−4×10−19 cm2 from STM and mass 
spectrometry measurements at ~0.3-1.0×10−7 mbar O2. 
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